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Abstract
Rotifers are microinvertebrate models to study the phylogenetically based mechanisms of aging. Our study aimed to develop a physiological 
system with electron deprivation via a chemical electron carrier/acceptor pair together with extreme caloric restriction (ECR).  Middle-aged 
Philodina acuticornis rotifers were treated with combinations of phenazine methosulfate (PMS, electron carrier) and 2,3-bis(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT, electron acceptor) for a period of 72 hours under total food deprivation 
(preselection). The ability of XTT to be reduced was confirmed both in vitro (with NADH) and in vivo (with live rotifers). Subsequently, the 
respective electron acceptor alone at a lower dose was administered in combination with ECR for several months on preselected survivors. 
We found that the longevity of rotifers markedly increased (4×) after PMS/XTT/total food deprivation preselection followed by XTT/ECR 
treatment. Ascorbic acid in equivalent concentrations caused similar but less pronounced tendencies. The synergistic effect of chemical electron 
deprivation and ECR caused delayed aging and the development of an outstanding phenotype that we refer to as “super rotifers,” characterized 
by increased longevity and retained reproductive ability compared with normal middle-aged individuals. The presented model provides new 
insights into the connection between redox modulation and age-related features in vivo.
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Rotifers are widely used in the research fields of ecotoxicology and 
aging (1,2). They are eutelic (grown by hypertrophy) and are prom-
ising scientific models due to their optimal culturing requirements 
(3,4), short life span, and specific measurable phenotypic features 
and viability markers (5). Treatment with electron carriers and 
acceptors increases the life span of various organisms by increasing 
the cellular NAD+:NADH ratio (6,7). The 2,3-bis(2-methoxy-4-ni-
tro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT) 
and phenazine methosulfate (PMS) molecules are suitable manipula-
tors of cellular redox state (8). XTT has a positively charged qua-
ternary tetrazole ring core containing four nitrogen atoms. It has 
a redox potential that is lower than the transmembrane potential, 
hence promoting the transfer of intracellular electrons to the extra-
cellular space (9,10). The sulfonate groups provide a net negative 
charge, promoting extracellular exclusion and water solubility (8). 
XTT reduction depends on NADH level of actively respiring cells 
forming a nontoxic, aqueous formazan (11). PMS and XTT are 
widely used in combination as electron carrier and acceptor, respect-
ively, in a colorimetric viability assay of diaphorase-catalyzed redox 
cycling (12), which indicates the cellular redox potential (8,11).
Hormesis extends life span through the induction of mild redox 
stress (13), which enhances energy metabolism, activates antioxi-
dant mechanisms, and suppresses reactive oxygen species produc-
tion (14–17). Nutrient deprivation can be a stressor per se due to 
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normal caloric restriction and results in extended longevity (18). The 
level of nutrition is associated with the redox state (14), and this 
restriction may cause cellular electron deprivation, impaired mito-
chondrial function, and suppressed NADH availability (19). In our 
present study, we investigated whether the longevity of a bdelloid 
rotifer, Philodina acuticornis, is affected by modulation of its cellular 
redox state by means of chemical manipulation and extreme caloric 
restriction (ECR).
Materials and Methods
In Vivo Invertebrate Model
Our work was performed on invertebrate bdelloid rotifer P acuti-
cornis; therefore, according to the current ethical regulations, no spe-
cific ethical permission was needed. The P acuticornis was obtained 
from Hungarian aquavaristique. Our experiments were carried out 
in accordance with globally accepted norms: Animals (Scientific 
Procedures) Act, 1986, associated guidelines, EU Directive 2010/63/
EU for animal experiments, and the National Institutes of Health 
guide for the care and use of laboratory animals (NIH Publications 
No. 8023, revised 1978). Animal studies comply with the ARRIVE 
guidelines. The culturing (eg, standard medium), harvesting, and 
monitoring methods of P acuticornis have been reported in detail in 
our prior publication (5).
Treatment Protocols of Rotifer Preselection and 
Conditioning
The treatment period (Figure 1A) consisted of two distinct phases: 
(a) Preselection phase (Figure 1B): Rotifer populations (100 ± 5 indi-
vidual/well) and middle-aged (15 days old) one-housed animals (one 
rotifer/well) were administered PMS (5 µM; P9625, Sigma–Aldrich, 
St. Louis, MO) combined with XTT (1,000  µM; X4626, Sigma–
Aldrich) under total food deprivation for 72 hours in darkness. As a 
parallel control for XTT, ascorbic acid (AA; 1,000 µM; A1300000, 
Sigma–Aldrich) was applied. (b) Conditioning phase (Figure  1C 
and D): First, the dead animals and the remnants of the treatment 
compounds were eliminated from the wells by washing. The selected 
surviving individuals were treated permanently (with the medium 
changed in every second day) with 50 µM XTT or AA (correspond-
ing to their respective preselection treatment; n = 90) under standard 
feeding condition (Figure 1C; 600 µg/mL) or ECR (Figure 1D; 50 µg/
mL). Survival of rotifers related to different amount of food was also 
measured (Supplementary Method and Supplementary Figure 1A). 
The number of live rotifers, endogenic NADH, and the mastax con-
traction frequency were used to assess treatment effects. The intra-
cellular NADH levels (Figure 1B; n = 10 well/group) were measured 
(absorbance: 450 nm) with NADH Quantification Kit (K337-100, 
BioVision, Milpitas, CA) following the protocol of the manufacturer 
and normalized exclusively to survivals of preselection.
Characterization of Rotifers With Different Viability 
Markers
The representative photographs were taken by Leitz Labovert FS 
microscope combined with DSLR camera (Nikon D5500, Nikon 
Corp, Japan) in ×400 magnification. To characterize and compare 
middle-aged normal (NRs; naïve, 15  days old; length: 285  µm, 
width: 57 µm) and senescent super rotifers (SRs; preselected with 
PMS/XTT/total food deprivation and subsequently conditioned 
with XTT under ECR until 110 days of age; length: 393 µm, width: 
108 µm), the following markers (Figure 2B) were used at end-point 
monitoring (after applying standard feeding for a 10-day period 
with no further chemical treatment): mastax contraction frequency, 
body size index, viable egg production (n = 35-35 for all features in 
both groups, one-housed individuals), and the number of descend-
ants in the population (n = 10-10, flasks; started from 5-5 NR or SR 
animals per each). Freezing tolerance was also compared between 
the phenotypes. Ten-ten flasks (media fully decanted) of NR and 
SR (2,000 ± 100 individuals per flask) were frozen for 24 hours at 
–75°C. The number of survivors was counted 24 hours after thawing 
(using 20 mL media per flasks at room temperature).
Statistics
Statistical analysis was performed with SPSS 23.0 (SPSS Inc, Chicago, 
IL) using one-way analysis of variance with Bonferroni post hoc test. 
The data were presented in mean ± SEM; the levels of significance 
were *,#p < .05; **,##p < .01; ***,###p < .001; ####p < .0001. Kaplan–
Meier curves were applied to present the survival of the groups. The 
GraphPad Prism 7.0b software (GraphPad Software Inc, La Jolla, 
CA) was used for the illustration and statistical analysis of survival 
(log-rank; Mantel–Cox).
Results and Discussion
In the rotifers, the electron source was their own plasma membrane 
redox system. This apparatus supposedly attenuates the aging-asso-
ciated oxidative stress by assuring NAD+ for ATP-producing bio-
logical oxidation (20). Intracellular NADH is the reducing source 
for extracellular XTT reduction, providing electrons via plasma 
Figure 1. The effect of redox state modulation on the survival and phenotype 
of rotifers. Panel A presents the schematic work flow of the redox modulating 
protocol (A). The intense chemical electron deprivation in the preselection 
phase caused significant toxicity under total food deprivation (B). The error 
bars present SEM. One-way analysis of variance with Bonferroni post hoc 
test was used for statistical analysis, the levels of significance were ##p < 
.01, ***,###p < .001, and ####p < .0001 (*, significant difference from untreated 
controls; #, significant difference from the group receiving PMS alone). 
Treatment of preselected surviving rotifers with moderate chemical electron 
deprivation (XTT or AA) under standard feeding conditions (C) or under 
extreme caloric restriction (D) significantly extended their life span. Kaplan–
Meier survival curves are presented (n  =  90, one-housed rotifer per dose 
of agent indicated). Abbreviations: AA  =  ascorbic acid; PMS  =  phenazine 
methosulfate.
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membrane redox system (21). PMS, as an intermediate electron car-
rier, markedly promotes this reaction. The low redox potential of 
PMS results electron deprivation in living systems (22). To confirm 
the reliability of the PMS- and XTT-containing system, we tested this 
combination (cell-free) in the presence of NADH (Supplementary 
Figure 1B).
Our in vivo viability experiments consisted of two main treat-
ment phases (Figure 1A) using middle-aged (15 days old) rotifers. 
First, we preselected individuals by testing the electron deprivation 
tolerance, by treatment with PMS and XTT combined or alone 
under total food deprivation for 72 hours (Figure 1B). As a parallel 
control for XTT, we used AA, a well-known antioxidant (16). The 
combination of PMS/XTT or PMS/AA resulted in significantly lower 
decreases in the number of live rotifers and intracellular NADH level 
compared with PMS treatment alone, as did also regarding mastax 
contraction frequency, a validated index of rotifer viability (5). 
Neither XTT nor AA alone had any effect on viability markers. The 
reduced form of PMS can alone generate reactive oxygen species in 
a dose-dependent manner (23), and we presume that the protective 
role of XTT and AA (via facilitation of NADH metabolism) might 
be secondary to an irreversible capturing of electrons from PMS. The 
data of live rotifers, mastax contraction frequency, and intracellular 
NADH level show good correlation (Figure 1B).
The surviving rotifers were subjected to the next phase (Figure 1C 
and D) of experiments. This period was associated with a permanent 
(for several months) and moderate (low dose) chemical electron 
deprivation accompanied by standard feeding or ECR. The survival 
of P acuticornis was measured under various treatment conditions 
applying standard feeding (Figure 1C) or ECR (Figure 1D). Extreme 
low nutrition alone is capable of triggering electron deprivation 
(17,18). However, when ECR was combined with XTT treatment 
(50 µM) in preselected (PMS/XTT/total food deprivation precondi-
tioned) rotifers, it synergistically extended the life span to an extreme 
extent (up to 182 days) compared with untreated–untreated controls 
(Figure  1D). The respective treated–untreated controls underwent 
chemical/dietary preselection, but not receiving chemical treatment 
in the second phase (data not shown). Less pronounced but like-
wise outstanding longevity was observed in the corresponding XTT-
treated group (PMS/XTT/total food deprivation preconditioned) 
under standard feeding (Figure 1C) during second phase and (to a 
lesser extent) the corresponding AA-treated groups (PMS/AA/total 
food deprivation preconditioned) with a slight superiority of ECR 
(Figure 1D) over standard feeding. XTT and AA both significantly 
(though less remarkably) increased the life span of preconditioned 
rotifers compared with untreated–untreated controls (Figure 1C and 
D) and the respective treated–untreated controls (data not shown), 
with no remarkable influence of diet.
The combination of PMS/XTT (under total food deprivation) 
preselection followed by XTT (under ECR) made a synergistic posi-
tive impact on life span and phenotype of preselection survivors 
resulting in what we call super rotifers, a “nickname” reflecting their 
collection of unique properties (see below). The phenomenon of 
this markedly prolonged life span, related to P acuticornis, has not 
been previously published. The documented maximal life span was 
approximately 75 days, with mean 43 days (24).
In our another experiment, middle-aged (15 days old) NRs and 
senescent SRs (110 days old) were followed up for 10 days under 
standard feeding conditions without any chemical treatment to com-
pare their viability markers (Figure 2). There were significant differ-
ences in the phenotype (Figure 2A). First, the “body size index” of 
SRs was higher than that of NRs. Interestingly, the mastax contrac-
tion frequency (5) of SRs was lower compared with NRs, probably 
as a result of altered neuromuscular function due to increased size. 
More surprisingly, these senescent (110 days old) animals were capa-
ble of laying viable eggs (reflecting an effect on the reproduction 
phase); moreover, the numbers of offspring were significantly higher 
after the 10-day period than in NRs (Figure 2B). To our knowledge, 
no similar long reproductive phase without dormant stage has ever 
been detected in bdelloids.
Furthermore, we assessed how SRs tolerate freezing (–75°C), 
monitoring the recovery rate of cultures 24 hours after being thawed. 
Starting from 2,000 ± 100 individuals per flask (n = 10), we found 
significantly more survivors in the SR (5.0 ± 0.52 individuals) than 
in NR cultures (2.6 ± 0.40 individuals).
After reintroduction of standard feeding and thus cessation of 
permanent conditioning (with ECR and low-dose XTT treatment) 
at 110  days of age, the “remaining lifetime” of SRs was restored 
near to their original expected longevity (25 ± 4.2 days) until their 
natural death.
The developed life-span– and phenotype-modifying system can 
be a reliable experimental model providing new insights into the 
processes of senescence. The intracellular NADH regulation is an 
essential part of this complex mechanism. As a consequence of cal-
oric restriction in bdelloid rotifers with extended life span, the vol-
ume of stomach syncytium and vitellarium reduced. The observed 
physiological changes are accompanied with slowed metabolic 
Figure  2. Characterization and comparison of middle-aged normal rotifers 
(NRs; naïve, 15 days old) and senescent super rotifers (SRs; 110 days old) 
after a 10-day period of standard feeding without any chemical treatment. 
A representative illustration of the difference in body size between NR and 
SR is provided (A; scale bar: 50 µm). The viability markers of SR compared 
with NR specimens significantly changed (B). The error bars present SEM. 
One-way analysis of variance with Bonferroni post hoc test was used for 
statistical analysis; the levels of significance were *p < .05, **p < .01, and 
***p < .001. (*, significant difference from NR within the respective category).
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activity and cease of reproduction (3). Extended lifetime together 
with the delayed aging is a unique and unprecedented phenotype in 
the academic literature for bdelloid rotifers.
Supplementary Material
Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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